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Abstract: Ibrutinib (IBR) metabolism (primarily by CYP3A enzyme) is the main route of excretion
for IBR, which could lead to drug-drug/herb-drug interactions with herbal medicines, nutritional
supplements, and other foods. Sinapic acid (SA) is a bioactive phytonutrient that is used as a
dietary supplement to treat a variety of illnesses. Pharmacokinetic interactions may occur when IBR
interacts with SA, which influences the pharmacokinetic processes such as absorption, distribution,
metabolism, and excretion. Therefore, it is obligatory to investigate the safety apprehensions of
such parallel usage and to evaluate the possible impact of SA on the pharmacokinetics of IBR and
propose a possible interaction mechanism in an animal model. The IBR concentration in plasma
samples was determined using a validated UHPLC-MS/MS method after administration of a single
oral dosage of IBR (50 mg/kg) in rats with or without SA pretreatment (40 mg/kg p.o. each
day for 7 days, n = 6). The co-administration of IBR with SA displayed significant increases in
Crnax ~18.77%, AUC_1 ~28.07%, MRT ~16.87%, and K,; ~24.76%, and a significant decrease in the
volume of distribution Vz/F_obs ~37.66%, the rate of clearance (Cl/F) ~21.81%, and T1 ~20.43%,
respectively, were observed as compared to rats that were administered IBR alone, which inay result
in increased bioavailability of IBR. The metabolism of IBR in the liver and intestines is significantly
inhibited when SA is given, which may lead to an increase in the absorption rate of IBR. These
findings need to be investigated further before they can be used in clinical practice.
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1. Introduction

Chemotherapeutics for various malignancies are increasingly shifting from time-
limited, traditional, uncertain cytotoxic chemotherapy cycles to reliable oral treatment with
targeted protein-designated treatments. In this line, relapsed/refractory chronic lympho-
cytic leukaemia (CLL) with 17p deletion has shown excellent results with Burton’s tyrosine
kinase (BTK), an irreversible inhibitor of a critical signalling protein in the B cell receptor
(BCR) pathway [1,2]. Using an irreversible bond with cysteine-481 in the active region
of BTK (TH/SH1 domain), the powerful BTK inhibitor ibrutinib (IRB) elicits remarkable
responses in B cell malignancies and blocks phosphorylation of BTK at tyrosine 223 with
an ICsg of 0.5 nM of more than 24 h [3,4]. BTKs are recommended for sustained periods,
oftentimes in patients with comorbidities. In this way, they are consistently co-directed
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alongside medicines at risk of drug—drug interactions. This angle has been, to some degree,
tended until now, calling for extensive examination. IBR is absorbed and metabolized
entirely from the gastrointestinal tract (GI) and via the liver and intestines [5]. It is pri-
marily metabolized by cytochrome P450 (CYP) 3A into a dihydrodiol metabolite of IBR
that inhibits BTK, with approximately 15-times lower activity than that of IBR [6]. There
is low bioavailability of IBR (560): 3.9% under fasting and 8.4% under fed conditions [7].
The extensive first-pass metabolism plays a crucial role, rather than the poor absorption
in the GI tract and poor bioavailability of IBR [5,7]. Therefore, the concomitant use of
botanical dietary supplements or herbs or drugs (CYP3A inducer or inhibitor) with IBR
may change the pharmacokinetics and pharmacodynamics parameters by inhibiting or
inducing CYP3A drug-metabolizing enzymes; inhibition or inducers of these enzymes
can result in longer or shorter half-lives, higher or lower exposure, and lower or higher
clearances of therapeutic agents, and further increase the potential for toxicity or subthera-
peutic effects [4-9]. Moreover, IBR treatment is associated with life-threatening toxicities
such as thrombocytopenia, atrial fibrillation/flutter, diarrhoea, pneumonia, progressive
multifocal leukoencephalopathy, hypertension, and prolongation of the PR interval and
hyperuricemia [10] (Janssen Inc. IMBRUVICA® product monograph. Toronto, ON, Canada;
24 July 2018).

SA (3,5-dimethoxy-4-hydroxycinnamic acid) is a polyphenolic acid and a nutraceu-
tical and dietary supplement with good oral bioavailability [11]. It exists in fruits [12],
nuts [13], spices, vegetables, cereals [14] of plants belonging to the Brassicaceae fam-
ily [15,16], and coffee and tea [17]. The widespread use of SA in conventional medication is
attributable to its medicinal properties, such as chemopreventive, antioxidant, antihyperten-
sive, anti-inflammatory, antiaging, hepatoprotective, antihyperglycaemic, cardioprotective,
antihyperlipidaemic, antimutagenic, antihypertensive, anticancer, neuroprotective, antide-
pressant, and antibacterial activities, etc. SA is widely used in different foods, such as
organic products, flavours, vegetables, oil, and grains. SA is effectively available in food,
with a long history of human use, and poses no risk of harm [11,18-20]. In a cross-sectional
analysis of the UK National Diet and Nutrition Survey Rolling Programme [21], an esti-
mated daily intake of 46.3 to 78.9 mg/day for children and 153.6 to 231.8 mg/day for adults
was determined in HCA derivatives such as SA, ferulic acid, and p-coumaric acid, which
are commonly consumed in high doses. However, this intake varies significantly between
individuals. Another study found that men and women consume an average of 222 mg
of phenolic acids per day, with SA accounting for 200 mg of this total. Vegetables, fruits,
nuts, and coffee are the most common dietary sources of HCAs, accounting for 63% of SA
and 59% of p-coumaric acid, respectively [22]. SA is in the range of 0.25 and 0.21 g/kg
fresh weight [23]. IBR are substrates of CYP3A and dependent on auto-induction [24].
The majority of serious cases of drug interactions occur due to the interference of the
metabolic clearance of one drug by another co-administered drug, food, or natural prod-
uct. Pharmacokinetic interactions may occur when IBR interacts with SA and influences
the pharmacokinetic processes such as absorption, distribution, metabolism, and excre-
tion. Therefore, it is obligatory to investigate the safety apprehensions of such parallel
usage, as previously reported, which significantly inhibits the CYP3A2-, CYP2C11-, and P-
glycoprotein/MDR1-mediated metabolism of carbamazepine in the liver and intestine [25].
The pharmacokinetic interaction of IBR with dietary supplements, resveratrol [26], and
naringenin [27] in rats and grapefruit juice [28] in healthy volunteers has been reported
in previous studies, which did not use a mechanistic approach. However, the potential
pharmacokinetic IBR interactions with SA have still not been investigated; thus, to explore
the probable interaction mechanism, the present study was designed.

2. Materials and Methods
2.1. Materials

IBR and SA were purchased form from Sigma-Aldrich (St. Louis, MO, USA). Formic
acid, acetonitrile, ammonium acetate, and methanol (UHPLC grade) were procured from
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BDH, Pool, (Dorset, UK) and the primary antibodies Anti-CYP3 A2 (sc-271033) and anti-f3-
actin (LS-C147034) antibodies were purchased from Santa Cruz (California, CA, USA).

2.2. Mass Spectrometry and UHPLC Chromatographic Conditions

Quantitative measurement of IBR in rat plasma samples was performed using UHPLC-
MS/MS, a combination of ultra-high-performance liquid chromatography and tandem
mass spectrometry [29]. Using an Acquity BEH C;g column with a flow rate of 0.3 mL/min,
both IBR and the internal standard (dasatinib) were separated and eluted by a mobile
phase comprising acetonitrile with 0.1 percent formic acid and 20 mM ammonium acetate
in a ratio of 80:20 (v/v) with a run time of 2.5 min. In contrast, the auto-temperature
sampler was set at 10 °C, while the column oven was kept at 40 °C. To ionise the samples,
we employed electrospray ionisation in positive mode. The calibration curves of IBR
were linear in plasma samples between the concentration ranges of 2.12 and 1000 ng/mL.
IRB and IS were quantified in MRM mode using the parent-to-daughter ion transition
of 441.16 > 84.04 for IRB and 488.06 > 401.11 for IS, respectively. The capillary voltage
(2.6 kV), source (150 °C), and desolvation (350 °C) temperatures were tuned for the greatest
sample ionisation performance. Nitrogen (650 L/h flow) and argon (0.016 mL/minute
flow) were employed as the desolvation gas and collision gas, respectively. Moreover,
48 and 46 V cone voltages and 40 and 28 eV impact energies were used for the analyte
and IS, respectively. Following the “US Food and Drug Administration 2018 guideline for
bioanalytical technique validation”, the assay was validated in terms of the precision and
accuracy. The allowed variance in precision and accuracy, both within and between days,
was found to be 15%. Data was collected with Masslynx software 4.1 SCN 805, and sample
processing was performed using TargetLynks.

2.3. Sample Preparation

In a 2 mL Eppendorf tube, 150 puL plasma sample was transferred and 15 pL internal
standard (2.5 ng/mL) was spiked and vortex-mixed appropriately. Then, 1 mL of ethyl
acetate was added into each tube for liquid-liquid extraction. After vortex-mixing, samples
were transferred to a shaker for 15 min followed by cold centrifugation (4 °C) at 11,500 rpm
for 10 min. The upper organic layer was transferred to a 1.5 mL capacity Eppendorf tube
and transferred to the sample concentrator (maintained at a medium temperature) for
drying. The dried residue was reconstituted with 150 uL acetonitrile and 5 pL transferred
to UPLC-MS/MS for analysis.

2.4. Animals Studies

The research was approved by the Research Ethics Committee of King Saud University
College of Pharmacy Riyadh, Saudi Arabia (KSU-SE-21-58). The NIH Guideline for the
Care and Use of Laboratory animals was followed for all animals used in the experiments.
Before the experiment, the animals were given free access to food and drink, but they were
fasted the night before. Male 18-week-old Wistar rats were housed in polyamide rat cages,
with a 12-h light/dark cycle, at 25 °C & 2 °C in accordance with the regulations for animal
facilities for 1 week prior to the study. After a 12-h fast, the rats were divided into four
groups of six each. For seven days, rats in group I (the vehicle control) were administered
normal saline orally. IBR (50 mg/kg) was administered to the rats in group II after six
days of normal saline. One hour after administering SA to the rats in groups IIl and 1V,
IBR (50 mg/kg) was administered orally. In heparinized tubes, blood samples were taken
from the tail vein at intervals of 0, 0.5, 1, 1.5, 2, 3, 4, 6, 12, and 24 h after the injection of
IBR (50 mg/kg). IBR analysis was carried out using UPLC-MS/MS on blood samples
centrifuged at 3500 x g for 10 min to extract plasma, which was then transferred to 1.5 mL
tubes for analysis. Afterwards, the rats were decapitated, and liver and intestinal tissue
were harvested for Western blotting.



Processes 2022, 10, 1066

40f11

2.5. Pharmacokinetic Analysis

In PK Solver (version 1.0), the pharmacokinetic parameters were calculated using
the non-compartmental model. A number of variables were investigated, including the
maximum concentration (Cmax), time to maximum concentration (AUMC), area under
the concentration-time curve (AUC), elimination rate constant (K), half-life (T; /), mean
residence time (MRT), volume of distribution (Vz/F), and clearance (CL/F).

2.6. Protein Expression Analysis

Hepatic and intestine total cytosolic protein levels were measured using a PierceTM
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA USA) [30]. Immunoblotting
was carried out as described by [31]. Polyacrylamide gels with 10% SDS were electrophoresed
with 25 ug protein, transferred to activated PVDF membranes, and blocked using a blocking
solution (4% skim milk and BSA in TBS of 1% Tween 20). Antibodies against intestine, liver,
and kidney CYP3A2 isozymes and (3-actin were used to incubate the membrane overnight
at 4 °C. After washing with 1%, Tween TBS, and TBS, the membrane was incubated for
2 h at room temperature with the appropriate secondary antibodies. Scanning of the bands
was accomplished using LuminataTM Western Chemiluminescent Horse Radish Peroxidase
Substrates (Millipore, Billerica, MA, USA). The immunoblots were subjected to densitometric
evaluation (LI-COR C-Di-Git Blot Scanners) (Lincoln, NE, USA).

2.7. Statistical Analysis

Dunnett’s multiple comparison test or one-way analysis of variance (ANOVA) were
used to determine the significance of the sample; p < 0.05 was considered significant.

3. Results
3.1. Effect of SA on IBR Pharmacokinetics

The pharmacokinetic parameters of IBR are represented in Table 1 and Figure 1. After
oral administration of IBR, the Cmax was 486.60 £ 15.71 ng/mL with a Tmax of 1 h.
For animals that were co-administered SA, Cmax of 577.95 £ 19.97 ng/mL and Tmax of
1 h of IBR were found. IBR co-administered with SA displayed significant increases in
Cmax ~18.77%. The AUCg_t) ~28.07%, MRT ~16.87%, and K, ~24.76%, and a significant
decrease in the volume of distribution Vz/F ~37.66%, the rate of clearance Cl/F ~21.81%,
and T% ~20.43%, respectively, compared to rats that were administered IBR alone were
observed. This may result in increased bioavailability due to substantial inhibition of
CYP3A2- and Pgp/MDRI1-mediated IBR metabolism in the liver and intestine, which may
increase the IBR absorption rate.

600 —
= 500
£ —e— Ibrutinib (50 mg/kg)
£ 400 SA (40 mg/kg)
s + Ibrutinib
= 300
s
S
S 200
=
=3
© 100
.
0 T T | .
0 3 6 9 12 15 18 21 24
Time (hr)

Figure 1. Plasma concentration versus time profile of IBR alone and with SA after oral administration
in rats (n = 6).
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Table 1. Non-compartmental pharmacokinetic parameters of IBR and IBR + SA following oral

administration in rats.

IBR IBR + SA
Parameters Unit Mean + SEM Mean &+ SEM % Change Control
K, (1/h) 0.102 £ 0.006 0.128 £ 0.006 24.77
Ty/2 (h) 6.92 +0.42 5.50 +0.26 —20.43
Cmax (ng/mL) 486.60 = 15.71 577.95 £19.97 18.77
Clast_obs/Cmax 0.006 + 0.0002 0.008 + 0.0008 41.50
AUC.¢ (ng/mL h) 1694.60 £ 50.36 2170.28 £ 74.13 28.07
AUCinf (ng/mL h) 1721.98 £ 49.49 2206.71 + 74.087 28.15
AUC.t/0-inf_obs 0.98 £ 0.001 0.983 £ 0.002 —0.05
AUMC.in¢ ops (ng/mL h?) 6385.40 % 99.62 9624.58 £ 648.71 50.72
MRT (p.inf_obs) h 3.72 £0.07 4.34 £0.211 16.87
Vz/F (mg/kg)/(ng/mL) 0.29 +0.024 0.18 4 0.015 —37.67
Cl/F (mg/kg)/(ng/mL)/h 0.03 £ 0.0008 0.023 + 0.0008 —21.82

3.2. Effect of SA on Hepatic and Intestinal CYP3A2 Protein Expression

As shown in Figure 2, the hepatic and intestinal CYP3A2 expression (p < 0.05)
of proteins was augmented significantly by 581.30% and 231.08%, respectively, in IBR-
administered rats in comparison to normal rats. Pretreatment of chronic administration
of SA 40 mg/kg b.w. for 7 days to IBR-administered rats significantly inhibited hepatic
and intestinal CYP3A2 protein expression by 34.30% and 35.08%, respectively, compared to
IBR-administered rats. The SA 40 mg/kg pretreatment led to an inhibition of hepatic and
intestinal CYP3AZ2 protein expression of 33.97% and 40.81% in comparison to normal rats.
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Figure 2. Hepatic CYP3A2 (A) and Pgp glycoprotein/MDR1 (D) and intestinal CYP3A2 (B) and Pgp
glycoprotein/MDRI (C) protein expression in rats after IBR administration with or without sinapic acid
(SA) pretreatment. All results are presented as the average 4= SEM. * p < 0.05 (control); # p < 0.05 (IBR).
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3.3. Effect of SA on Intestinal Pgp/MDR1 Protein Expression

SA was found to have an inhibitory effect on Pgp/MDRI1 protein expression (Figure 2).
As compared to normal control animals, PGP/MDR1 protein expression was considerably
reduced in the intestine and liver of rats pretreated with SA and significantly (p < 0.05)
increased in the intestines and livers of IBR-treated rats (661.79% and 202.88%, respectively).
As compared to IBR alone, the SA-pretreated rats demonstrated a considerable suppression
of IBR-induced PGP /MDRI1 protein (46.11% and 32.82%, respectively). Pretreatment with
SA (40 mg/kg) alone reduced hepatic and intestinal CYP3A2 protein expression by 18.58%
and 35.48%, respectively, compared to controls.

4. Discussion

The usage of herbal supplements has grown substantially across the world [32,33]. The
FDA does not regulate these products as rigorously as it does regular drugs [34,35]. Con-
comitant use of herbal medications along with conventional medicines may mimic, increase,
or reduce the therapeutic effect of medicines [36]. A wide number of herbal treatments
and medicines have been shown to interact with IBR. Besides its restricted therapeutic
window and role as a sensitive substrate for CYP3A and Pgp/MDR1 [24,27,37], it is critical
to maintaining drug concentrations to avoid side effects [37,38]. Patients are frequently
unaware of potential drug-herb interactions, and some dismiss herbal supplements as
medications. Significantly, clinicians are un-informed about simultaneous administration of
herbal supplements that may result in plausible toxicities such as fungal infections, bleed-
ing, sudden cardiac death, unexpected exacerbation of IBR-induced haemolytic anaemia,
and severe hepatotoxicity [39,40]. Hepatoprotective, cardioprotective, and anxiolytic food
supplements containing SA should be prescribed to chronic lymphocytic leukaemia (CLL)
patients who require long-term treatment or consume it themselves. Several herbs have
been used in traditional herbal medicines as antioxidants, hepatoprotectives, cardioprotec-
tives, and anxiolytics, such as Brassica chinensis, Brassica juncea, Brassica oleracea, Brassica
nigra, Anacyclus pyrethrum, Viscum album, Ipomoea reniformis, and Zea mays [41-46]. SA is
present in plants from the Brassicaceae family and is also found in fruits (citrus and berries),
tea, coffee, nuts, grains, and vegetables, among other things, and it is an integral part of
human food [12,13,17].

SA is beneficial regarding oxidative stress [11], hepatoprotective [47,48], cardiopro-
tective [49-52], gastroprotective [53], nephroprotective [54], inflammation [55], hypergly-
caemia [56], neurodegeneration [55], and anxiety [57,58]. SA is widely consumed as a
dietary supplement due to its chemopreventive potential. The chemopreventive oral dose
of SA is 40 mg/kg b.w [25,48,51-54,59]. This is the first report on the IBR pharmacokinetic
interaction with dietary supplementation of SA 40 mg/kg in rats. IBR is absorbed follow-
ing oral administration and takes 1 to 2 h to reach the maximum plasma concentration
(Tmax) [10]. IBR exposure increases in patients consuming 420 mg daily; the area under the
curve (AUC) was 680.52 ng h/mL [60,61]. Oral administration of IBR is rapidly absorbed
in the intestine, with Cpax, Tmax, and AUC values of 35 ng/mL, 1-2 h, and 953 mg h/mL,
respectively [24]. IBR binds to plasma proteins similarly to all other kinase inhibitors.
In vitro, IBR plasma protein binding is 97.30 percent reversible, without concentration
dependence (50 to 1000 ng/mL; at a steady state, the volume of the distribution (Vd, ss/F)
was around 10,000 L) [62].

In the liver, IBR is broken down into different metabolites, predominantly by cy-
tochrome P450 CYP3A4 [63]. The rate of biotransformation of IBR varies markedly from
that of humans, with the rate elimination being several-fold faster in rats [64]. The enzymes
CYP3A4 and CYP2D affect many oral drugs, including IBR. They are accountable for
first-pass metabolism and alterations in absorption, drug distribution, and metabolism [5].
As aresult, rats were used in the current investigation for 24-h tests. The pharmacokinetic
behaviour after oral administration of IBR with or without co-administration of SA was
examined using a LC/MS method [29]. Pharmacokinetic constants were obtained using
the non-compartmental model. IBR was readily absorbed from the duodenum and small
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intestinal epithelium into the plasma after oral administration, reaching its highest concen-
tration (577.95 ng/mL) at 1 h post dose. The co-administration of IBR with SA displayed
significant increases in Cmax ~18.77%, AUCy_1) ~28.07%, MRT ~16.87%, and K,; ~24.76%
and a significant decrease in the volume of distribution Vz/F ~37.66%, the rate of clearance
Cl/F ~21.81%, and T 1 ~20.43%, respectively, compared to IBR alone. This may result
in increased bioavailability of IBR due to the significant inhibition of CYP3A2-facilitated
metabolism of IBR in the hepatic and intestine and the inhibition of intestinal and liver
Pgp/MDRL. Thus, the IBR absorption rate may increase in the intestine. These results of
the pharmacokinetic parameter of IBR are consistent with previous reports exhibiting an
interaction with moderate/strong CYP3A inhibitors, such as naringenin and resveratrol,
which have the capacity to increase the pharmacokinetic parameters Cmax, AUCy_r),
MRT, and K,; and decrease the Vz/F, the rate of clearance Cl/F, and T 1 resulting in an
increase in the bioavailability of IBR [24,26,27]. The increased bioavailability may be due
to inhibition of CYP3A and PGP/MDRI1 in the liver and intestine, which decreases the
rate of metabolism and enhances the rate of absorption in the intestine, supporting the
results of previous protein expression studies. IBR induced protein expression of CYP3A
and PGP/MDR1 in hepatic and intestinal tissue. Previous reports corroborate our findings,
where herbal supplementation with resveratrol and naringenin altered pharmacokinetic
parameters such as Cpax and AUC of IBR due to the inhibition of CYP3A4 [26,65].

Dietary supplementation of polyphenols, such as thymoquinone, resveratrol, narin-
genin, apigenin, and quercetin, occurs as they are known CYP3A4 inhibitors [66-70]. SA, a
polyphenol used as a supplement, has a wide range of therapeutic potential. SA exhibits
in vivo CYP3A4/CYP2C11/PGP; inhibition at a dose of 40 mg/kg resulted in an increase
in the bioavailability of carbamazepine and aripiprazole as evident by an increase in Cmax
and the AUC of these drugs [25,59]. The P-glycoprotein pump, which is situated in the
brush border of the intestinal lining and is known to be inhibited by polyphenols, trans-
ports several CYP3A4, CYP2D6, and CYP2C9 substrates [71,72]. To explain the possible
mechanism that increased the bioavailability of IBR, we performed Western blotting, which
showed significant hepatic and intestinal CYP3A2 and PGP-MDR1 inhibition of protein
expression in SA-pretreated rats. SA has the ability to modulate CYP3A /PGP-MDR1 in
the liver and intestine. The protein expression data revealed that IBR significantly induced
CYP A and PGP-MDRI1 expression in the liver and intestine. IBR is a known CYP3A and
PGP-MDR1 substrate [37]. However, increased protein expression levels of CYP3A2 and
PGP-MDRI1 were observed in IBR-administered rats in hepatic and intestinal proteins. The
SA pretreatment significantly reduced the upregulated CYP3A2 and PGP-MDRI protein
expression in the liver and intestine of co-administered (IBR and SA) and SA-administered
rats compared to the normal control. This examination proves that SA changed the phar-
macokinetics of IBR via upregulation of Cmax, AUCq., and Ty /», and downregulation of CL.
These data are consistent with previous pharmacokinetic studies, which observed increased
IBR bioavailability due to inhibition of CYP3 A and PGP [24,63,73-76]. The increase in the
rate of absorption of IBR in the intestine in IBR and SA co-administered rats was caused
by an inhibition of P-gp/MDR1 expression [75]. However, the intensity of the rate (Cmax)
and extent (AUC) of absorption is not proportional to the intensity of the inhibition of
CYP3A protein expression by SA in the IBR with SA group. These results might be due to
autoinduction of CYP 3A2 and PGP-MDR1 expression, which may restrict the intestinal
bioavailability. Moreover, IBR is a BCS class II drug, which means it has low solubility and
due to its high permeability, the absorption of IBR was rapid despite CYP3A2 inhibition in
the intestine after direct intragastric administration in rats.

5. Conclusions

In brief, the co-administration of IBR with SA displayed significant increases in Cmax,
AUC 1), MRT, and K,; and significant decrease in the volume of distribution Vz/F, rate
of clearance C1/F, and T L respectively, compared to IBR alone. This resulted in increased
bioavailability of IBR due to the significant inhibition of CYP3A2-facilitated metabolism
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of IBR in the hepatic and intestine and the inhibition of intestinal and liver Pgp/MDRI.
This may be due to autoinduction of CYP 3A2 and PGP-MDR1 expression, which may
limit intestinal bioavailability. Moreover, despite CYP3A2 suppression in the intestine, IBR
absorption was rapid after direct oral gavage in rats. This investigation clearly demon-
strates that there is the potential for drug—herb interactions between SA and ibrutinib to
occur, and coadministration of ibrutinib with SA or SA-containing herbs/foods should be
circumvented in the clinic. Further clinical studies are required.

Limitations of the Study

The current study proposed that SA may interact with the pharmacokinetics of
CYP3A /PGP substrate drugs in humans. However, since the biotransformation rate of
IBR in rats differs from that in humans [77], it is difficult to quantitatively extrapolate the
present results to humans. In addition, the relative role of hepatic and enteric extraction of
CYP3A substrates in rats differs from that in humans; thus, the interactions with CYP3A
inhibitors in rats will be different [78]. Therefore, further clinical investigations in humans
are necessary to warrant such findings.
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